This paper presents a method of flexible pavement design and performance using a mechanisticempirical pavement design guide (ME-PDG) as a tool for pavement design in the Philippines. The study was made using three types of traffic condition for both flexible pavements of the treated and untreated subbase. The initial design was performed using the local design guide which is based from the AASHTO 1993 design guide. The results were then evaluated using ME-PDG for its performance. The designs are then adjusted to meet with the results given by ME-PDG. All the simulation and computations in this study were performed using a program, based on the guide, created in MATLAB software. Results showed that top-down cracking failure is the most critical and greatly affects the smoothness of the pavement. It was also observed that the use of treated sub base is very effective in distributing the loads applied to the pavement and helps decrease the damage experienced by the pavement. The study concluded that ME-PDG yields more realistic and less conservative results compared to the AASHTO 1993 design guide. However, further studies should be performed to gather enough data to produce accurate and correct results.
INTRODUCTION
Road pavement design and engineering have always been a challenge and a struggle to governments, scientists and engineers. The objective of coming up with a good road structure that can attest considerable time and damage has always raised interest anywhere in the world. In particular, flexible pavement design is initially based on experience in determining the thickness of pavement. Empirical approach played an important role until the advent of pavement design. The methods developed started from empirical methods (1929) , with the consideration of soil strength test, to limiting shear failure method (1943) and regression methods (1961) , which is based on pavement performance and road tests. Finally, in 1977, empirical-mechanistic methods were developed based on mechanics of materials in relation to pavement response [4] . The development of this method is still evolving up to the present aiming for better pavement design.
In 1996, in the effort of further developing the 1993 guide, a new method was recommended based on mechanistic principles. This came to the advent of the Mechanistic-Empirical Pavement Design Guide (ME-PDG) developed in the National Cooperative Highway Research Program (NHCRP 1-37A) [4] . Upon its initial release in April 2004, several reviews and studies were conducted to evaluate its performance. These resulted in ME-PDG to be the new pavement design guide for AASHTO.
In the Philippines, the Department of Public Works and Highways (DPWH) is a division in the government that is tasked to construct, maintain and develop the road network of the country. The DPWH follows the AASHTO 1993 guidelines. It is an empirical method based on the AASHTO road test performed in the late 1950s. Several adjustments and modifications were made to be able to account for uncertainties and limitations of the methods over the changing years.1
The purpose of this study is to compare flexible pavement designs and performance using empirical AASHTO 1993 pavement design guide and the mechanistic-empirical pavement design guide hereafter termed the ME-PDG. The study is limited to the principles and guidelines used in the ME-PDG Design Guide. This study assumes the applicability of the equations used in the guide to Philippine settings and that these equations are not site-specific. 1993 design guide performance prediction deteriorates as traffic levels increases [8] .
The main objective of ME-PDG is to provide the highway community with a state-of-the-practice tool for the design of new and rehabilitated pavement structures bases on mechanisticempirical approach [4] . It provides a different design implementation which allows the designer to be fully involved in the process and have the flexibility to consider different design features and materials for a given site condition. This allows further optimization of the design and more controlled conditions and results.
The ME-PDG does not use ESALs to define traffic conditions, instead, it is given by vehicle class and load distributions in terms of traffic load spectra. The study suggests that design be initially performed using AASHTO 1993 Design Guide and then the results are evaluated using the ME-PDG for its performance.
Asphalt Concrete Pavement
Flexible pavements are multilayer system under loads generally composed of a subgrade, a drainage layer or a subbase, base course and surfacing course [7] . The traffic load stresses are spread out and are distributed to the roadbed soil. The asphalt concrete is the uppermost layer and designed to provide a skid-resistant surface. The base course distributes the traffic loading to the subbase course. The subbase course is a course of specified material and design thickness supporting the base course and distributes the traffic loads to the subgrade. Unbound aggregates or chemically treated course may be used for the base or subbase layer.
Asphalt pavements are often considered over other types due to its smoothness which provides a good rideability experience to the motorists.
Smoothness affects ride quality, a major concern of the public in pavement conditions, overall durability, and performance. Asphalt binder type is another property that needs to be addressed in constructing asphalt pavement. Asphalt binders are characterized by their physical properties, which are directly related to field performance. Apart from asphalt binder viscosity grading, it is also tested against rutting, fatigue cracking and thermal cracking.
In the Philippines, flexible pavements usually consist of sub-base course, base course and surface course. Material properties and specifications for each course are specified in the DPWH Design Guidelines, Criteria and Standards. The major parameters required for the structural design include serviceability index, traffic parameters in terms of equivalent standard axle loads and structural number and layer coefficient for strength calculation. For the detailed design, TRL Overseas Road Note 31 -A Guide to the Structural Design of Bitumen Surfaced Roads in Tropical and Sub-Tropical Countries is another reference aside from AASHTO 1993 Guide [11] .
METHODOLOGY
The M-E PDG is an iterative process in which predicted the performance of selected pavement structure is compared against the design criteria. The parameters are then adjusted until the user is satisfied with the design. The design process for asphalt pavements include the following:
1. Define site-specific trial design with subgrade support, material properties, traffic loading and environmental conditions; 2. Establish design criteria for acceptable pavement performance at the end of the design period (i.e. fatigue cracking, rutting, thermal cracking, and IRI); 3. Select the level of reliability for every applicable performance indicators; 4. Data processing for seasonal variations of materials, traffic and climatic inputs required in the evaluation; 5. Compute structural responses using multilayer elastic theory or finite element based pavement response models for each load and time step throughout the design period; 6. Calculate predicted distresses and/or damage at the end of each analysis period; 7. Evaluate the predicted performance of the trial design against the specified reliability level. Check if it satisfies the initial performance criteria. If doesn't, modify the design and repeat the process until the design is acceptable.
DESIGN PARAMETERS

Design Inputs
ME-PDG is capable of considering a wide range of structural sections as trial designs. These designs are analyzed and modified until it satisfies all performance criteria over the analysis period. Figure 1 shows some of the design that can be used in the analysis.
Apart from the trial design structure, other parameters must be provided such as subgrade properties, traffic, climatic data and other inputs related to construction. Since MEPDG is a parameter intensive procedure, it utilizes design input levels such that the designer can base the analysis on the level of data quality available. Level 1 data are site and/or material-specific inputs for the project that are obtained through direct testing or measurements. Level 2 data uses correlations to determine the required inputs. Level 3 data include national or regional default values to define the inputs. The input levels can vary from one parameter to the other. The input level selection depends on several factors such as the sensitivity of the pavement performance to a given input, criticality of the project, available information and available time and resources [4] .
Fig.1 Possible asphalt layered systems [7]
The assumed layer thicknesses for each loading conditions, for both unbounded subbase (w/o CTSB) and cement-treated subbase (CTSB), are summarized in Table 1 to Table 3 . Each thickness is predetermined using AASHTO 1993 design guide and it is designed in a way that it can withstand loading and damage up to its design life, at the same time, practical and economical. Additionally, traffic was assumed to increase at 4% annually. It is further assumed that the number of vehicles passing the road is constant for all months of the year. Three types of traffic conditions were considered. They are rural highways traffic having 20 million ESAL, urban roads traffic with assumed ESAL of 50 million, and heavily-trafficked highways with 130 million ESAL [11] . Analysis inputs such as traffic, material and climatic inputs like temperatures within the material structure and average moduli values of the layers for each analysis period should also be defined. Table 4 and 5 present the material properties used in the analysis. This include regression intercept (A), regression slope of viscositytemperature susceptibility (VTS), air void content (V a ), effective binder content (Vbeff), cumulative % retained on the n-sieve (ρn), dynamic modulus (E), and viscosity (η). Then, analysis parameters for acceptable performance design criteria such as initial IRI, allowable values for fatigue cracking, thermal cracking, rutting and smoothness. Base Subbase Subgrade Truck loading was assumed to be a 3-axle truck. According to DPWH standards, the 3-axle truck has the highest axle load when distributed. In a 3-axle truck, the load distribution for each axle is as shown in figure 2. The corresponding ESAL of a single 3-axle truck pass is 6.44. It is calculated using the equation from DPWH DO-22 [11] . 
Pavement Response Model
Pavement response models are used to determine the structural response of the system caused by traffic loads and environmental influences. The analysis yields stresses, strains and displacement in the pavement layers which is required in the design procedure. Depending on the material and loading of the pavement, multilayer elastic theory and/or finite element method can be used. Both methods considered in the Design Guide.
Inputs to the flexible pavement response models include pavement geometry (i.e. layer thickness), environment (i.e. temperature vs. depth for each season, moisture vs. depth for each season), material properties including elastic and non-linear properties (adjusted for environmental and other effects, as necessary), and traffic, which includes load spectrum and tire contact pressure and distribution.
Analysis Location
Upon the analysis of the structural response of the system, each pavement response variable must be evaluated at the critical location where it is at its extreme value. It is important to define the locations in the pavement where maximum damage will occur over the design period. The design guide defines the analysis locations where the maximum damage is to be expected. Analysis location shown in figure 3 can be used both for multilayer elastic analysis and finite element method. 
Asphalt Concrete Pavement Distresses and Critical Responses
The design guide is based upon the accumulation of damage as a function of time and traffic. The primary distress considered in the design is rutting, fatigue cracking and thermal cracking. Pavement smoothness (IRI) will also be predicted based on the given factors.
Rutting is a surface deformation caused by inelastic or plastic deformations in any or all of the pavement layers and subgrade. There are three distinct stages for the permanent deformation behavior of pavement materials. These three stages include the primary stage, where there is high initial level of rutting, with a decreasing rate of plastic deformations, predominantly associated with volumetric change, the secondary stage, where small rate of rutting exhibiting a constant rate of change of rutting that is also associated with volumetric changes, and the tertiary stage, wherein there is high level of rutting predominantly associated with plastic(shear) deformations under no volume change conditions.
The design guide only takes into account the primary (Level 1) and secondary stages (Level 2). The tertiary stage (Level 3) is not accounted for in the design method. At the same time, the design guide does not take into account permanent deformation for chemically stabilized materials, bedrock, and PCC fractured slab materials to the total permanent deformation of the pavement system. Rutting is estimated for each sub-season at the mid-depth of each sublayer. The overall permanent deformation is the sum of permanent deformation for each individual layer. Rutting prediction in the asphalt mixture is based upon a field calibrated statistical analysis of laboratory repeated load permanent deformation tests.
Fatigue cracking is determined in terms of damage index, which represents the load-associated damage within the pavement structure. Fatigue cracking is determined by predicting damage using Miner's Law. Fatigue cracking is classified into two types: bottom-up or alligator cracking and surfacedown or longitudinal cracking [4] .
Bottom-up cracking is cracking that originate at the bottom of the asphalt layer and propagate to the surface due to repeated loading. Some factors that may cause high tensile strain and stress at the bottom of the asphalt layer include thin or weak asphalt layer, higher loads and tire pressure and weak aggregate base/subbase layers.
Surface-down fatigue cracking or longitudinal cracking is load-related cracks that start from the surface and propagate downward. Although there are no conclusive data to prove the cause of this type of distress, some of the suggested reasons include wheel load tensile stress and strain occurring at the surface combined with aging of the asphalt layer, shearing of asphalt layer from radial tires with high contact pressure and severe aging of asphalt layer combined with high contact pressures. Figure 4 Thermal cracks are due to extreme temperature changes in the pavement layers and are most common to regions with extreme cold weather. There are two types of non-load related thermal cracks: transverse cracking, which occurs first, and block cracking, which occurs after transverse cracking and is due to the aging of the asphalt that makes it brittle over time. For this type of cracking, crack propagation is computed using Paris' law.
The IRI of the pavement at the end of the design period depends upon the initial IRI from the initial as-constructed condition of the pavement and the subsequent developed distresses over the design time. The distresses include rutting, fatigue cracking and thermal cracking. Prediction of roughness over time, taken from the model, involves initial IRI, predicted distresses, and site factors such as subgrade and climatic factors. IRI is estimated incrementally over the entire design period on a monthly basis.
Numerical Modelling
MATLAB software was used to simulate the process of ME-PDG including the pavement structural response model, FEM. Linear elastic FEM (2D axisymmetric formulation) is used to calculate the stresses arising from the distributed load due to one wheel. The total stresses due to the simultaneous action of four wheels corresponding to one side of the tandem axle are then calculated via superposition of stresses taken at appropriate locations in the FEM solution. The total damage due to one vehicle is calculated as the sum of damage arising from one pass of the front axle and the damage arising from one pass of the tandem axle. Thermal cracks were not included in the final calculations since the damage contributed by this distress is very negligible compared to rutting and fatigue cracking. This is due to the fact that the Philippines do not experience extreme temperature change because of its tropic climate. 
Heavily Trafficked Roads
Analyses are performed for a design period of 10 years for this study. The result for bottom-up cracking (Figure 7) for heavily trafficked roads with untreated subbase shows that the most critical location is at coordinates (2,0) and (6, 0) . The maximum value of bottom-up cracking that it experienced is 18.94% with a thickness of 1 inch. The least critical location is at coordinate (42,0) with the highest value of bottom-up cracking experienced for asphalt layers with a thickness between 5 to 6 inches. For cement-treated subbase, asphalt layers of 5 inches and up experienced almost the same magnitude of distress for the least critical and most critical location, unlike the untreated pavement. This shows that the treated subbase increases the ability of the pavement to distribute the load evenly to the pavement layers, which help lessen the incurred damage.
Top-down cracking (Figure 8) shows varying values for the asphalt layer thickness of 6 inches and below and converges for asphalt thickness of between 6 to 10 inches. The most critical location is at (2,0) and the least still critical is at (6,0). The maximum value of top-down cracking experienced is at 1-inch thickness of asphalt layer with a value 10560 m/km. Similar trend was observed for the top-down cracking of the treated and untreated subbase. However, the damage for the treated base shows lower values compared to that of untreated base, which makes cement treated base effective in decreasing the stresses in the pavement. Fig.7 Result for bottom-up cracking at the most critical and least critical locations for heavily trafficked roads Fig.8 Result for top-down cracking at the most critical and least critical locations for heavily trafficked roads Fig.9 Result for rut depth at the most critical and least critical locations for heavily trafficked roads Rutting (Figure 9 ) is maximum at location (6,0) with the maximum rut depth experience of 88.24 mm. Values of rutting for the section converges towards the least critical values as the asphalt layer becomes thicker. Rutting in treated subbase displayed significantly lower values as compared to the untreated base. A slight increase on rut depth is evident at 2-inch thickness.
The resulting IRI has the most critical location at coordinate (6,0) with maximum IRI at a value of 16.29 for 1-inch depth (Figure 10 ). An acceptable value of IRI can be considered for thickness between 4 to 6 inches. For layer thickness greater than 6 inches, the value of the IRI of the least and most critical locations are almost equivalent. Calculated rut depth is not taken into account for the calculation of final IRI due to the initial assumption that rutting is assumed to be equal to 20%. This means that the least value of IRI for the untreated base is 4. Smoothness values of the pavement decreased for each of the asphalt thickness for the treated subbase. This should be expected since most of the values that evaluate the final IRI of the pavement also decreased as shown from the results. IRI of asphalt layer between 4 inches and 6 inches can be seen to decrease abruptly from 8.94 to 0.62. Fig.10 Result for IRI at the most critical and least critical locations for heavily trafficked roads
Urban Roads
The analysis for urban roads yields similar behavior as that of the results for heavily trafficked roads. For the bottom-up cracking, the least critical is still at coordinate (42,0) and the most critical are still equally experienced at coordinates (2,0) and (6, 0) . A slight increase in distress was observed for thickness between 4 inches and 6 inches. This may be due to the stresses experienced by the pavement with these thicknesses. On the other hand, bottomup cracking for the treated base has a maximum value of 18.94% both for locations (2,0) and (6,0) at the 1-inch thickness and the minimum value of 15.5703% for coordinate (42,0) at 10-inch thickness. Values for thickness 4 inches to 8 inches are almost the same for all coordinates making it a good design given that the whole section experience almost the same magnitude of distresses.
Top-down cracking is still maximum at coordinate (6,0) with the value of 10559 for 1-inch depth. The values of top-down cracking converge to zero for the thickness of 5 inches and above. The asphalt layer experiences no damage for top-down cracking if the asphalt layer is set equal to or greater than 6 inches. For the top-down cracking for the treated base, the damage is still highest at coordinate (6,0) with a magnitude of 10558 m/km. It is also evident in top-down cracking approaches to zero as the asphalt layer becomes thicker. Rutting has a maximum value of 68.615 at the location (6,0) and a minimum of 1.8136 mm at (42,0), both at a 1-inch depth. Rut depth converges to a value of 2 mm, for all coordinates, as the asphalt layer becomes thicker. The same behavior is true for treated subbase as it is observed to converge to a value of rut depth equal to 1.
Fig.13 Result for rut depth at the most critical and least critical locations for urban roads
For IRI results for urban roads with untreated base, calculated rut depth is again not taken into account for the calculation of final IRI due to the initial assumption that rutting is assumed to be equal to 20%. The least value of IRI for the untreated base will still be 4. Maximum IRI is still experienced at 1-inch depth and the critical location IRI values converge to 4 as the asphalt layer becomes thicker.
Considering the behavior of distresses for urban roads an acceptable value of IRI can be achieved for the asphalt layer equal to 5 inches or more after the design period of 10 years. Values for thicknesses 4 inches to 8 inches are almost the same for all coordinates making it a good design given that the whole section experienced almost the same magnitude of distress.
Similar behavior was observed for top-down cracking and rutting for untreated subbase as with the results of urban and heavily-trafficked loads. The result for top-down cracking for the least and most critical location converges to a value of zero for thicker asphalt layers i.e. 5 inches and above. On the other hand, results of rut depth for the least and most critical locations converge to a value of 2 mm. For the treated subbase, damage due to top-down cracking is highest at coordinate (6,0) with a magnitude of 10553 m/km. It is observed that the result converges to zero as the asphalt layer becomes thicker. Rutting is still highest at 1-inch thickness with the maximum value equal to 42.68 mm and decreases as the asphalt layer becomes thicker.
The least value of IRI for the untreated base is again equal to 4. Maximum IRI is still experienced at 1-inch depth and the critical location IRI values converge to 4 as the asphalt layer becomes thicker. Considering the behavior of distresses for rural roads, the value of IRI for treated subbase converges to 0.5 for all points in the pavement, giving a better design for the pavement. A decent value of IRI can be obtained for asphalt thickness of 4 inches and above.
CONCLUSIONS
The main objective of this study is to compare flexible pavement design and performance between AASHTO 1993 pavement design guide and the mechanistic-empirical pavement design guide as a tool for pavement design in the Philippines. This attempt of applying the mechanistic-empirical approach for pavement design in the Philippines resulted in several conclusions and recommendations that would help address future studies produce better results and more reliable design solutions.
The results of the analysis showed that topdown cracking failure is the most critical and greatly affects the smoothness of the pavement. For the untreated subbase, although the rut depth value was calculated in the analysis, the coefficient of variation for rutting depths was still assumed to be equal to 20% as recommended in the design guide. This does not give a realistic trend to the IRI and sets the minimum value of IRI for untreated subbase to 4. Thermal cracking was found to yield a very small value of failure compared to rutting and fatigue cracking. This show that ME-PDG for thermal cracking only applies to regions with extreme changes in temperature.
The use of treated subbase is very effective in distributing the loads applied to the pavement and helps decrease the damage experienced by the pavement. The results show that the magnitude of distresses for most points of the pavement are comparable.
Although the results show that ME-PDG yields more realistic and less conservative results than AASHTO 1993 guide, further study should be conducted to be able to gather more data that would produce more accurate results. The advantage of ME-PDG for being a site-specific, parameterintensive method becomes a disadvantage in cases when the necessary data are not available for the user. This forces the designer to make assumptions that add to the inaccuracy of the results. Additional testing should be performed to be able to acquire the data needed in analyzing pavements using ME-PDG.
Analysis using ME-PDG gives better and quicker results if the AASHTO 1993 guide is used to predict the initial design for the analysis.
A thorough study should be made to further understand how ME-PDG was formulated for better application of the method to other cases. It is highly recommended to perform experiments verifying the relationships used in the method and its applicability to Philippine conditions.
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